To determine mechanisms of blood vessel formation and growth in solid tumors, we used a model in which LS174T human colon adenocarcinomas are grown in the isolated ovarian pedicle of nude mice. Reconstruction of 3500 histological serial sections demonstrated that a new vascular network composed of venous-venous loops of varying sizes grows inside the tumor from the wall of the adjacent main vein. Loops elongate and remodel to establish complex loop systems. The mechanisms of loop formation and remodeling correspond to intussusceptive microvascular growth (IMG). In the tissue surrounding the tumor segmentation, another mechanism of IMG is prevalent in venous vessels. Comparison to vascular morphogenesis in the ovariectomized pedicle not only confirms the existence of corresponding mechanisms in both systems, but also reveals numerous sprouts that are superimposed onto loop systems and pathological deviations of loop formation, remodeling, and segmentation in the tumor. These pathological mechanisms interfere with vessel patency that likely cause heterogenous perfusion and hypoxia thus perpetuating angiogenesis. Blood vessel formation based on IMG was also detected in a large thrombus that completely occluded a part of an ovarian artery branch. (Circ Res. 2001;89:732-739.) Key Words: angiogenesis Ⅲ colon adenocarcinoma (LS174T) Ⅲ endothelial cell Ⅲ
T he formation of sprouts in angiogenesis 1, 2 has been widely accepted as a basic mechanism of angiogenesis in wound healing [3] [4] [5] and tumors. 6 Another mechanism of vascular morphogenesis termed intussusceptive microvascular growth (IMG) has been identified in many organs and different species. [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] Intussusception involves growth and remodeling of the vascular system based on partitioning of the vessel lumen by columns of tissue, called tissue pillars or posts (diameter Ͻ2.5 m) and interstitial or intervascular tissue structures (ITSs, diameter Ͼ2.5 m). Evidence for IMG in pathological states comes from findings that intussusception is induced by tumor ascites fluid in peritoneal lining tissues. 18 It has also been suggested that the remodeling of vascular branching points during tumor angiogenesis be implemented by IMG. 19 In the first in vivo documentation of IMG in solid tumors, we demonstrated basic mechanisms of its implementation and its coexistence with sprout-like structures. Our data showed that the network architecture in tumors changes on a time scale of minutes based on frequent remodeling by IMG. This might explain intermittent blood flow. 14 In the present study, we analyzed histological serial sections to reconstruct the architecture of the vascular network of human colon adenocarcinomas (LS174T) transplanted onto the isolated ovarian pedicle of nude mice. 20, 21 Two new mechanisms of blood vessel formation based on IMG were identified: in situ loop formation and remodeling, which give rise to a new vascular network inside the tumor and segmentation that expands and remodels the preexisting network outside the tumor. In comparison with IMG in the healing ovariectomized pedicle, 21a tumor vascularization exhibits pathological variations of these mechanisms and sprout-like structures that are superimposed onto many loop systems.
Materials and Methods

Animals and Tumor Model
Tumors were grown in NCr/Sed-nu/nu athymic mice, and tumor cells were transplanted to the ovarian pedicle after ovariectomy, as previously described. 20, 21 Tumors were grown for 3, 7, 14, and 21 days. The mice were bred in the animal facility of the Edwin L. Steele Laboratory (Massachusetts General Hospital). The animals were treated according to the National Institutes of Health guidelines. partially or totally dissected into sequential serial sections used for reconstruction of the vascular networks. In one tumor, 10 loop systems and around 60 ITSs and tissue pillars were reconstructed from 3500 serial sections.
Tissue Preparation for Light Microscopy
After perfusion, the tumors were removed and postfixed in the same fixative overnight. Specimens were embedded in resin (Historesin, Leica) and paraffin according to manufacturers' protocols. Serial sections of resin (2 m thick) and paraffin (3 m thick) were cut. Resin sections were stained with toluidine blue; paraffin sections were labeled with rat-anti-mouse PECAM antibody (Pharmingen) according to manufacturer's protocol. The antigen was visualized using the ABC peroxidase technique (Vector). Sections were viewed with an Olympus BX 40 microscope. Arterial and venous vessels were distinguished based on histological criteria.
Results
Time Course of Vascular Morphogenesis and Remodeling
Vascular morphogenesis and remodeling in the LS174T tumors were studied for 3 weeks, specifically around day 7 after tumor cell implantation, since in this early phase all stages of network formation, growth, and remodeling coexist. Information concerning the onset of the remodeling and growth processes that lead to the formation of new blood vessels and the further development of the vascular network can be found in the online supplementary information (see online data supplement available at http://www.circresaha.org).
Elementary Loops Originating From the Ovarian Vein
Elementary loops at varying stages of their formation were detected in the wall of the ovarian vein in all tumors studied ( Figure 1AA ). Figures 1A through 1L illustrate elementary loops. Elementary (single) loops have the following structure: the venous lumen evaginates around an ITS core located within the intervening vessel wall to isolate a free column of tissue, the ITS, which is then surrounded by the evagination, which forms a short elementary loop ( Figures 1B and 1E) . The bottom and the top of the ITS remain connected to the venous wall, which forms a fold that projects into the vessel lumen ( Figures 1A and 1D and 1C and 1F).
The stages of loop formation and growth are illustrated by three structures of different sizes: a tissue pillar, a small ITS, and a large ITS, in Figures 1G through 1L . This implies that elementary loop formation begins with retraction of the endothelium around tissue pillars. The figure also shows that small loops can be added to each other or to larger ones forming compound loop systems (see below). Interestingly, the large elementary loop depicted in Figures 1G through 1L is not yet completely patent. It thus represents a precursor stage to the type of elementary loop illustrated in Figures 1A through 1C and 1D through 1F. Another ITS depicted in Figures 1D through 1F is also not yet completely separated from the venous wall. However, this structure is already undergoing remodeling by splitting into several parts as indicated by two holes filled with erythrocytes within its center, which, by themselves, form a loop system.
Systems of Longer Loops Derived From the Ovarian Vein
Elementary loops can remodel, forming longer and more complex loop systems. Four such systems are shown in Figure 2 is a computer reconstruction of loop 1. As is evident from the figures, these loop systems frequently form double, triple, and quadruple loops, etc, since they possess multiple connected segments. They are therefore termed compound loop systems. The latter are interconnected, forming a new vascular system inside the tumor.
In the following, the structural details of typical examples of loop systems are presented. They exhibit varying degrees of complexity. Systems 3 and 4 ( Figures 4C and 4D ) also consist of a more pathological structure, since they have disconnected segments. Additionally, in the tumor, blindending sprout-like structures are included with many loop systems. Figure 2 ) forms a double-loop system that is supplemented with three blindending sprout-like structures and a second short loop containing an ITS (diameter Ϸ12 m). It consists of a segment (a) that is derived from the main vein and reconnects to the latter through two other segments, (b) and (c), Figures 2G through 2N and 2P through 2U. One of the connecting segments (b) also links to segment (b) of loop system 4, two intraluminal folds decreasing the patency between these segments ( Figures  2I through 2K ). Furthermore, segment (a) of loop 1 is connected to loop 2, forming another short loop.
Loop 1 Loop 1 (Figures 2 and 4A and online
Loop 2
Loop 2 ( Figure 4B ) corresponds to a "quadruple-loop" system composed of five completely connected segments: segment (a) originates from the main vein and reconnects to it via two other segments, (b) and (c), two additional reconnecting segments derive from branch (b). Segment (a) of loop 2 also forms a small "double" loop with two segments of loop 1 and loop 3, respectively. Several blind-ending sprout-like structures are superimposed onto the basic segments of this loop system. One tissue pillar (diameter Ϸ2 m) and three large ITSs (diameters Ϸ28, Ϸ38, and Ϸ44 m) were detected.
Loop 3
Loop 3 ( Figure 4C ) corresponds to a disconnected doubleloop system. It consists of one blind-ending sprout-like structure (a) and a single long loop (b). (a) connects to loop 2 within its area of origin from the ovarian vein, thus forming an elementary loop. It lies close to single loop (b). If both vessels were connected, they would form a double-loop system (comparable to that illustrated in Figure 4A ), but this connection either is not yet established or, if it previously existed, it has been lost. 
Incidence Between Loops and Sprouts
For more detail, see the online supplementary information.
Segmentation in the Connective Tissue
Segmentation in the connective tissue surrounding the tumor also displayed a pathological variation, similar to loop formation and remodeling (see online supplementary information).
IMG During the Recanalization Process of a Large Thrombus
In the main ovarian vessels (artery and vein) of some tumors, large thrombi were detected. The present thrombus located in the artery occluded the entire lumen and was undergoing recanalization by IMG (online supplementary information).
Discussion
Vascular Morphogenesis Occurs by Different Mechanisms
Our data demonstrate that vascular morphogenesis in our LS174T human colon adenocarcinoma xenograft starts in venous vessels of all sizes, which is consistent with previous reports on tumor angiogenesis 22, 23 (online Figures 1A and  1B) . Receptors for vascular permeability factor/vascular endothelial growth factor (VPF/VEGF) are expressed predom- inantly in venules and small veins surrounding tumors 24 -26 where we observed segmentation by IMG (online Figures 4  and 5 ). Correspondingly, it has recently been reported that VEGF is produced in the LS174T human colon adenocarcinoma xenografts. 27 Additionally, we have shown that large veins close to the tumor respond to the angiogenic stimulus by loop formation, similar to the situation in the ovarian pedicle in tissue repair. 21a This pattern is confirmed by intravital microscopy of the same tumor grown in the dorsal skin fold chamber (online Figure 1C ). Although our model consists of a tissue repair component (the ovariectomized pedicle), loop formation from larger marginal veins has also been observed in tumor xenografts grown at other sites and in spontaneously evolved human tumors (Patan et al, unpublished data). Interestingly, vascular morphogenesis starts in small venous vessels that become surrounded by tumor cell aggregates. This is combined with folding of the wall of the large ovarian vein and early ITS separation reflecting the onset of loop formation (online Figures 1A and 1B) . Thus the network architecture at the beginning of blood vessel growth confirms the pattern detected by the more detailed analysis performed on day 7. The alterations of the network architecture over time suggest an increasing fragmentation based on tumor cell infiltration of blood vessels or their compression (online supplementary information). Interestingly, in the healing pedicle, PECAM-positive fibroblasts likely contribute to vessel walls to permit vessel growth at early stages. Later they invade the vessel lumen together with macrophages to induce vessel regression. 21a In malignant tumors, tumor cells might have a similar role that, however, likely causes the observed pathological mechanisms of vessel growth and remodeling at early stages. Later on, the invasion of vessel lumens might increase the tendency to metastasize. (Patan et al, unpublished data) .
"In situ loop formation" occurs as observed by intravital microscopy 14 and in the healing pedicle, 21a by retraction of the endothelial lining of the lateral wall of the main vein around the core of an ITS. This forms two sheath-like expansions of the lumen that meet at the opposite side ( Figures 5A and 5B) . The ITS core is composed of extensions of periendothelial cells that encircle a bundle of collagen fibers and is formed in the vessel wall before or on ITS separation. 15 The latter occurs by fusion of opposing endothelial cell membranes lining the evaginations to form a transcellular hole. 15 The ITS remains connected to the lateral venous wall only at its bottom and its top ( Figures 1A through  1L) .
Thrombus recanalization can also be based on IMG, following another mechanism that includes the deposition of pillar cores between endothelial cells and lumen formation by cell detachment around these cores (online supplementary information).
Loop Remodeling Is Based on IMG and Causes Formation of Complex Loop Systems
Concurrent growth of the ITSs and elongation of the surrounding loop result in expansion of the elementary loops into the tumor ( Figure 5C ). During this process, elementary loops undergo further remodeling by IMG to form compound (Figures 1D through 1F) . Splitting of ITSs causes formation of additional loop segments between them (see loop systems 1 through 3, which form a very small triple-loop system through which their initial segments are connected, and Figure 5D ). These new segments automatically reconnect, directly or indirectly, to the main vein ( Figure 5F ). An ITS located in the center of a loop can also split asymmetrically to separate a small tissue pillar ( Figure 5E ). Our ultrastructural analysis demonstrates that ITS splitting is depending on formation of pillar cores within the ITS. Splitting of ITSs has recently been detected by in vivo microscopy in the same tumor transplanted to the dorsal skin fold chamber of SCID mice 14 and in the chicken chorioallantoic membrane (CAM). 15
Pathological Variants of Loop Formation and Remodeling Are Detected in Tumors
Although the tumor exhibits loops that are similar to those in the healing pedicle, they are less frequent, and the complexity of compound loop systems is reduced. In tumors, a single cellular extension projecting intraluminally can disconnect a loop system. This is shown by the close apposition but lack of patency between segments a-b in loop 4 ( Figures 3A through  3D ). The comparison with loop systems in the healing pedicle reveals that loops in tumors, but not in our model of tissue repair, exhibit pathological mechanisms of formation and remodeling.
Pathological Loop Remodeling
Formation of intervascular walls that split vessels is an important mechanism of vascular growth and remodeling in embryonic development and is based on IMG 16, 28 (also Patan et al, unpublished data). In this process, a newly formed intraluminal fold connects to the opposite wall of a vessel to divide the lumen. The vessel remains patent, because the fold forms an ITS and does not occlude its entire diameter. In the tumor, insertion of transluminal tissue folds does not always cause formation of free ITSs but can disconnect loops and occlude vascular segments. This results in the formation of two long sprout-like structures that point toward each other ( Figures 2I through 2K and 5G) . In loop 1, segment (b), the existence of two transluminal folds that bridge the vessel lumen from opposite sides and nearly insert at the opposing vessel wall, supports this interpretation ( Figures 2I through  2K ). The analysis of serial sections reveals that these folds are part of larger ITSs and subsequently do not form free ITSs. The same mechanism has also been observed in tumor angiogenesis by in vivo microscopy where occlusion of vascular segments by insertion of folds was documented in real time. 14 
Pathological Loop Formation
The alternative explanation concerning the pattern of loop 4 would be that separation of the ITS located in the central part of the loop might occur extremely late in the tumor, when the ITS has grown to a large size ( Figures 1D through 1F , 1G through 1L, and 5H). This process of late separation of the central ITS could result in the structures shown in Figures 1D through 1F or 1G through 1L. In these nonpatent elementary loops, the relatively large ITS is still connected to the lateral venous wall in several places, even though the ITS in Figures 1D through 1F already exhibits signs of splitting, which indicates that loop remodeling has started. In the healing pedicle, the existence of completely patent loops suggests, comparable to the findings in the chicken CAM, 13 that separation of the ITS normally occurs rapidly and while it is still small. 21a The observed pathological deviations of loop formation cause discontinuity of the loop systems that were absent in the healing pedicle. This might explain why the loop systems of the tumor xenografts exhibit an increasing fragmental character as observed over 21 days (online Figure 1F ). However, we cannot exclude the possibility that endothelial sprouting occurs in addition to in situ loop formation, although we did not observe single tiny endothelial buds.
The Proposed Mechanisms of Vascular Morphogenesis Have Implications for Its Regulation
The connection of the newly formed vascular segments to the circulation is less well established in the tumor compared with the healing pedicle. 21a This is documented by the existence of disconnected loops or loops that become patent late and also by pathological segmentation (online Figure 5 ). It characterizes one of the profound differences between blood vessel growth in the tumor xenografts and in the healing pedicle. This fact not only explains why the tumor circulation is heterogeneous, but why hypoxia, which is known to induce apoptosis 29 -31 and necrosis, is more severe and varying on a larger scale in tumors. 32, 33 Hypoxia itself induces VPF/VEGF production and secretion by tumor cells 34 -36 and upregulation of its receptors. 37 It thus appears that vessel growth in a malignant tumor could be a self-perpetuating process driven by hypoxia, whereas in tissue repair hypoxia gradually decreases as new loops form. In the latter, the process of vessel growth is thus clearly terminated causing vessel regression and transformation of the granulation tissue into a scar. In contrast, tumors are "wounds that do not heal." 38 Interestingly, gene expression in endothelial cells in tumor and wound-healing angiogenesis is very similar. 39 Differences that cause pathological conditions are thus independent from endothelial gene regulation.
